The purpose of this work is to investigate the forces applied, and the resultant material deformations and stresses, on a novice windsurfer sail. Finite Element Analysis (FEA) modelling is applied to both a mast and sail of a specified size. After verification of the modelling process, the results are analysed to identify possible improvements that could be made to the sail to enhance longevity. The emphasis is on material characteristics and their performance under given loading conditions. A detailed description of the modelling work is given, and is followed by an analysis of the sail deflection and stress results obtained.
Introduction
Research and development within the windsurfing field is comprised purely of previous experience, prototype building and testing on the water. The use of computer aided design (CAD) and simulation packages can significantly reduce the time and cost associated with design and testing by optimising the design before a prototype is built. The desired performance of a windsurfer changes dramatically depending on the style of windsurfing and the experience of the windsurfer, novice, and advanced. These users have considerably different needs. As is the case with many fields (i.e. motorsport and yacht racing), development of sporting equipment is prevalent at the higher-priced end of the consumer market. Low-end users are usually offered significantly reduced levels of quality, design and performance. A company offering lessons in windsurfing, expensive state-of-the-art sails is not viable due to the high risk of damage occurring to the sails. The main design criterion that is required from the consumers' standpoint is high longevity and strength of the windsurfer, whilst maintaining a reasonable purchase price. The preferred sailcloth material varies depending on the level of experience and riding style of the windsurfer. Industry standard materials are outlined below [3, 6] : Most sail designers agree with Gilliam's [4] comments in regard to woven sail cloths having problems with stretch resistance due to crimp. It was this issue that led to the development of a number of alternate sailcloth materials: polyester sailcloth (woven out of polyester fibres and subsequently coated with a resin) and crossply polypropylene-aramid cloth both used by novice windsurfers, and plastic films such as a monofilm polyester (an extruded single layer polyester resin) employed by advanced windsurfers, The monofilm polyester cloth has numerous advantages over its woven alternatives, including its superior ability to hold the sail shape, its strength, and its transparency which enables the competitive rider the advantage of being able to see and judge their surroundings (both sea and competitors) -important in racing and wave competitions. Another material that has been investigated and put into use by Pryde [11] for advanced sails is a metallised monofilm that reputedly has better UV resistance than standard monofilm. This paper is aimed at investigating the variation in deflection and stresses on a novice-level windsurfer sail, using two alternate materials, a woven polyester (WP) sailcloth and an extruded single layer polyester resin (EP) sailcloth The use of a Finite Element Analysis (FEA) program [1] was used to complete the modelling. In order to verify the accuracy of the model, convergence of the output is inspected and discussed. Difficulty in mathematical verification exists, as the model exhibits non-symmetrical geometry. Data correlation between known large deflection theory and [1] results was completed on a simplified geometric case. Following verification, alternate sail materials are evaluated in the model for deflection and stress behaviour under designated loading conditions.
The equations
Sail theory is derived from the assumption that a sail can be considered a vertical wing or membrane [8] . By applying Bernoulli's equation
where P is the local pressure, P 0 is the ambient pressure, V is the local wind speed, V 0 is the undisturbed wind speed and q 0 is a constant. It can be seen that any fluid travelling along a convex curved surface will experience a faster velocity and lower pressure over the front (longer) surface, and a slower velocity and higher pressure at the back, in order to cover the same distance (Fig. 1) . It is both the negative pressure over the top and the positive pressure along the bottom that contribute to the windsurfer's propulsion. The sideways (keelside) force created by this pressure difference can be controlled by the windsurfers' dagger board, as shown in Fig. 2 . The dagger board "not only keeps the board from drifting sideways, but it also acts as a fulcrum about which the sailor pivots the board for steering" [10] , and keeps the board from drifting sideways. The principles of force interactions on a windsurfer sail are assumed to be similar to those of a 470 class yacht sail [7] . The overall aerodynamic force of the sail is a combination of the driving force that acts along the course direction and the heeling force that acts perpendicular to the driving force and mast as shown in Fig. 2 . MacDonald [7] also notes that these force components will have an effect on the velocity of the craft, leeway angle and the magnitude of heeling moment and longitudinal trim.
Nádai [9] derived the formula for approximating the central deflection of a circular plate (analogy to a flat sail) under a lateral load q. It is assumed that [9, 12] the circular plate is bent by moments uniformly distributed along the edge of the plate ( Fig. 3(a) ). Because of the symmetry of deflection surface to the centre O, the displacement of a point in the middle plane of the plate can be resolved into a radial component u and a normal component w.
An equation of equilibrium [12] of an element as shown in Fig. 3 (b), is obtained by taking moments of all forces with respect to an axis perpendicular to the radius r . This gives, Q r , the radial shearing force, where
and D is the flexural rigidity. Q r (radial shearing force) can also be written [9] in terms of the normal force q (lateral load) per unit length in the radial direction N r , such that
where
Here E is Young's modulus, h is the thickness of the plate and ν is Poisson's ratio.
By equating (3) and (4), the following system of equilibrium equations can be obtained [9, 12] 
According to Timoshenko and Woinowsky-Krieger [12] , membranes can only sustain tensile forces and very little bending, so flexural rigidity can be regarded as being close to zero. In order to consider bending of a uniformly loaded circular plate with a clamped edge, Nádai [9] took the first approximation for dw dr as dw dr = C r a − r a n where a is the radius of the plate. Nádai [9] used Eq. (5) to determine a first approximation for u. Substituting the first approximations for u and dw dr into Eq. (6) and solving for the constants C and n leads to the following approximate deflection equation (for ν = 0.25) [9, 12] .
In case of very thin plates (as in our case of windsurfer sails) the deflection w may become very large in comparison to h, the thickness of the plate. In such cases the resistance of the plate to bending can be neglected [12] , and it can be treated as a flexible membrane. As the resistance of the plate to bending can be neglected for flexible membranes (sails), the left hand side of Eq. (6) can be set to zero. An approximate solution of the resulting equation is obtained by neglecting the first term in Eq. (7) as being very small. Hence w 0 = 0.665a 3 qa Eh .
Timoshenko and Woinowsky-Krieger [12] , reports that further investigation leads to a refined deflection equation of the form
and similarly for the stress equations, for the centre of the plate, at r = 0, given by Eq. (9) and the outer edge, r = a, given by Eq. (10).
An FEA structural analysis using ANSYS [1] , was conducted on all models, using a "Solid 185 Tetrahedra" element type. This element was chosen as it was a compromise between accuracy and computational power of the solid elements available. Solid elements were the only meshing option available for a tapered 3D mast and it was preferred that all models utilised the same meshing type and size to form a valid comparison.
As Eqs. (9) and (10) are an approximation, the calculated values using these equations could be different from the ANSYS output, as ANSYS uses a Newton-Raphson method for solving, performing numerous iterations until convergence is achieved. 
Material characteristics
Material characteristics used in this analysis were based on values provided by industry data [2, 5, 13] , and are given in Table 1 . These values were refined by manipulating the input data (material modulus) until a similar deflection was achieved by FEA simulation, while ensuring the material adhered to the stress strain matrix being positive definite.
Boundary conditions and loading
A windsurfer mast in reality is considered to have a free end at the top, and is connected to the board by a ball and socket joint as shown in Fig. 1 . However, when in operation, the rider will hold the mast upright and counteract any moment or rotational force applied about the ball and socket joint. This has been simulated within ANSYS by considering the base of the mast to have a fixed end in relation to the board and therefore has movement restricted in all six degrees of freedom. At the free end of the mast, no constraints have been applied and hence both translational and rotational movement is allowed. To simulate the pre-stressed state of the mast due to the tension required to be applied to the sail, a point load of 10 kg (98.1 N) is assumed to be acting in the x direction at the end of the mast. The magnitude of this force was discovered through experimentally obtained loading data on an Olympic class mistral windsurfer sail. Varying amounts of force were applied to the windsurfer carbon fibre mast until a similar sail deflection typical of an assembled sail/mast was obtained.
The analysis

Definition of analysis type and solving method
The completed model (Fig. 4) is saved in the pre-processor. To begin an analysis, the solution menu is selected and a series of functions are activated to ensure that a large displacement analysis is performed. Stress stiffening is selected to ensure that the program knows that the material becomes stiffer once stress is applied. Newton-Raphson iteration is turned on and set to 1000 iterations. If the model does not converge before this value, the program will terminate. ANSYS automatically determines the criteria for convergence (generally an accuracy of 0.001 for force convergence). Line searching is also turned on to help in solving the problem. Non-linear geometry is activated and every step of the loading phase is written to file. This helps us to identify at what point of loading the model failed in the event of non-convergence or constraint failure.
During the model creation phase, ANSYS helped to identify errors in the model that caused an unconverged solution. These related to boundary conditions and material data. ANSYS posts all results in the post-processor, where contour plots can be generated. Fig. 5 shows the deflection of a sail made from WP after a tension load of 98.1 N was applied to the clew and a uniform static pressure load of 65 Pa was applied to the surface.
It is evident that deflection is greatest in the centre of the sail (63.9 mm) which results in the typical shape of a windsurfer sail. Along the edges of the sail there is some negative deflection indicating that wrinkling or rippling of the sail is occurring at these points. This is due to the translation of the material towards these edges and the inability of the WP to resist bending and wrinkling.
From Fig. 6 , it can be seen that higher stresses are experienced at the fixed points of the sail. The base edge of the sail is considered to be a tensioned member due to the force being applied by the clew. Stress in this area ranges between approximately 1.77 and 11.30 MPa at the clew, and from 3.12 to 7.17 MPa at the foot of the sail. Similarly, the leech edge was found to encounter stresses ranging from 0.42 to 12.57 MPa. Given the high stresses experienced at these points, reinforcement would be required to prevent excessive tensioning that may cause breakage of the sail cloth. The highest stress (12.57 MPa) is concentrated at top of the mast due to the bending resistance from the mast. Reinforcement at this point is required and may take the form of a brace constructed using a stronger material than the sail. Moreover the majority of the sail experiences stresses between approximately 0.42 and 3.12 MPa. This stress is considered to be low and is likely due to the ability of the material to deflect and distribute stress. Fig. 7 shows deflection of the EP sail under the same loading characteristics as the WP sail. In contrast to WP, the EP, which is a plastic film, has a higher stiffness matrix and displays a higher tolerance to the applied loading resulting in lower deflection across the area of the sail. When tension is applied, the stiffness of the EP increases providing it with increased resistance to the applied load. Again, the greatest deflection lies at the centre of the sail with a value of 39.34 mm; approximately 25 mm less than that of the WP. In addition, there is an increased occurrence of wrinkling or negative deflection at the edges of the sail amounting to approximately 1.12 mm. Even when tensioned, wrinkling can occur if the material is pushed against the line of tension -much like holding an edge of a piece of paper with one hand and pushing the opposite edge towards that edge with the other hand. The paper bows in the middle as it can not resist the pushing force being applied, i.e. the paper has little resistance to bending. The inherently higher Young's modulus and increased resistance to strain of EP, makes it preferable for use in more advanced sails compared to WP. WP's material characteristics result in a significantly greater deformation of the sail shape than that of the EP sailcloth material. Fig. 9 represents the change in Von Mises stress across the centreline of the two varieties of sailcloth material. It highlights the difference in stresses between a tensioned edge of the sail (in this case the base edge) and a fixed point (top of the mast).
Comparison of the two sailcloth materials
It can be seen that stresses are high at the base edge and rapidly taper off to a uniform level towards the centre of the sail. Towards the point where the sail is fixed to the mast, stresses rise sharply to a maximum at the mast point. Some fluctuation occurs towards the fixed point and is different for each of the materials tested.
Conclusions
The design and selection of windsurfer sails utilised by novices has been optimised by the application of FE simulation packages. Of the two common materials employed for sails, WP and EP, they each perform differently in different conditions. FEA analysis has shown that WP is able to deflect and strain greater than EP. In particular, stresses are highest at the point where the sail meets the top of the mast. Thus, using a panel of EP material in this area on the WP sailcloth may help to both alleviate stress in that region (so reducing failure) and assist the novice windsurfer in manipulating the sail. Future work will investigate the interaction of mast behaviour with both types of sail materials' deflections to achieve an optimum sailboard analysis and behaviour under various types of wind and loading conditions.
